| INTRODUCTION
Cellulose is a ubiquitous insoluble carbohydrate polysaccharide polymer derived commercially from hard and softwoods and used widely, particularly in the paper and packaging industry. Cellulose dust is neither a well-described allergen nor reported as a respiratory irritant; with an exposure limit of 10 mg/m 3 for the inhalable fraction as defined by most national standard setting agencies. It is not usually classified as a respiratory sensitizer, but instead as a biologically inert dust. 1, 2 There have been few studies reporting respiratory disease in workers exposed to cellulose-based substances, with no specific reference to them causing occupational asthma. [3] [4] [5] These studies pertain to working populations involved in production processes with high dust exposures (generally above 10 mg/m having a biological half-life in the order of 1000 days. Furthermore, these studies also show that cellulose exposures can cause alveolar cell hyperplasia, fibrosing granulomatous alveobronchiolitis, minimal interstitial fibrosis, and interstitial granulomata in the rodent lung. [6] [7] [8] [9] [10] [11] This report is of a sentinel case of occupational asthma due to inhalation of dust originating from bleached chlorine-free cellulose used in the manufacture of sanitary pads. The report describes investigations performed to determine the phenotypic nature of occupational asthma and the probable mechanism involved. Occupational asthma can be subdivided into allergic sensitizer-induced occupational asthma (90% or more of cases), which can be either IgE or non-IgE dependent, or non-allergic irritant-induced asthma. 
| Preparation of cellulose extracts
The cellulose fluff used in all testings was collected from the factory where the index patient worked, and specifically from the hammer mill area. Cellulose paper from which the fluff was derived was also collected from the factory. Two cellulose extracts were generated from the paper and the fluff (in case the fluff had been contaminated during the production process with contaminants not found in the raw paper product), by mashing the cellulose paper, and then shaking the cellulose fluff and cellulose paper in phosphate-buffered saline (PBS) overnight at 4°C. The extracts were run on 12% acrylamide gels and stained with Coomassie blue to detect protein contaminants (approximate detection limit from 5 kDa to 250 kDa). The extracts were filter sterilized and used for skin prick tests (SPT), CAST-ELISA assays, and immunoblotting. A concentrated extract was also made for immunoblotting by centrifuging the extract in Amicon Ultra centrifugal units with a 5 kDa molecular weight cut-off.
| Immunological investigations
The immunological investigations included SPT to common inhalants and cellulose paper and fluff extracts, measurement of serum specific 
| Specific inhalation challenge test
Specific inhalation challenge (SIC) testing was performed using the cellulose product according to a protocol based on international guidelines. 14 The protocol for this study was also approved by three international experts in discussion with local physicians. The SIC was conducted in a specialized facility (Boehringer-Ingelheim UCT Lung Institute), with spirometry performed by an experienced technician. | 953
| Scanning electron microscopy
Scanning electron microscopy (SEM) was performed on the cellulose fluff and paper products obtained from the factory where the index case worked in order to determine particle shape and size and the presence of any potential contaminants. Scanning was performed at 15 kV at magnifications of 55 times, 250 times, 550 times, and 700 times.
| RESULTS
A 37-year-old man who worked as a machine operator in a factory that produced sanitary pads was clinically evaluated in a hospital occupational medicine department. He complained of a 2-year history of tight chest, wheeze, hoarse voice, blocked nose, and itchy eyes that were all related to work, and which improved when he was off-duty.
He had no previous history of allergies, asthma, or skin rashes, nor any family history of asthma or allergies. He was an ex-smoker with a 10 pack-year smoking history, which ceased 6 years prior to his presentation. He reported a significant improvement of his symptoms following removal from exposure after a 5-week serial peak flow trial.
As a result, he was permanently removed from exposure and accommodated in another job as a forklift driver. Following this relocation, he reported a significant reduction of his symptoms apart from an occasional tight chest that he experienced early in the morning, which occurred less than once a week. In addition, his betaagonist inhaler use decreased in frequency from two to four times per day (400-800 μg/day) to once a week (200 μg per week). Furthermore, follow-up over 8 years revealed that the factory had over this time completely changed the production process, installed new enclosed diaper manufacturing equipment, and removed the hammer mill area.
Despite lower exposure to cellulose dust, the patient was unable to establish complete asthma control over a few months some years later while he worked temporarily as a forklift driver in a production area with exposure to low levels of cellulose dust below 10 mg/m 3 . He was then relocated into an administrative job after which his asthma control improved significantly, such that his beta-agonist inhaler use decreased to once a month and his lung function improved.
During the initial factory investigation, further enquiry into his occupational history revealed that he worked in a factory that used sheets of cellulose paper that were milled into a fluff for use in the production of sanitary pads. Of note, super-absorbent material, a polyacrylate chemical associated with possible asthma in other exposure contexts, 15 was not used in the process. The cellulose paper safety data sheet was reviewed and discussions were held with the supplier. The paper comprised bleached chlorine-free cellulose paper made from softwood pulp (primarily from pine tree species: Pinus patuala, P. taeda, and P. elliotii, and bleached using ozone gas). The supplier indicated that it was relatively pure cellulose fiber with no known contaminants. The ACGIH supporting documentation on cellulose was also reviewed and made no mention of potential contaminants. While some cellulose-based products supplied by the pulp and paper industry could have contaminants as a result of making tissue paper or clothes, the product specifications used in diapers and sanitary pads had to be pure in order to conform to manufacturer standards to ensure customer health and safety. The ACGIH reports cellulose to be inert and proposes the same exposure threshold as that for particulates not otherwise specified. There was no significant improvement in FEV 1 post-bronchodilator (5%/150 mL increase). During the serial peak flow trial conducted for the 18 work days and 24 rest days, he reported no intercurrent illnesses. However, there was >20% variability in the PEF (Figure 1 ), supporting the diagnosis of asthma. The OASYS-2 Work Effect Index calculated was 3.80 (normal reference <2.50).
Immunological evaluation revealed that SPTs were negative to a standard panel of common inhalants as well as to the cellulose extracts.
Serum microarray analysis for specific IgE levels against 112 common indoor, outdoor, and food allergens also showed negative results in the patient and the control subjects. Specific IgE to pinewood and xylanase allergens was also negative. Serum antigen-specific IgG was also negative to mould mix (gmx2), and storage mites Lepidoglyphus destructor and Tyrophagus putrescentiae. The CAST-ELISA to carboxymethyl cellulose (C466), sodium benzoate (C111), and potassium-metabisulphite (C113) were all negative. However, all test subjects reacted to the cellulose fiber but none to the cellulose extracts on CAST-ELISA testing.
In order to determine whether protein contaminants were present in the cellulose fluff and paper, cellulose extracts were electrophoresed on SDS acrylamide gels. As the supplier had indicated, the cellulose paper and fluff appeared pure, and protein contaminants
were not detected on the gel. Immunoblotting was performed using original and concentrated cellulose extracts, but were also negative.
Proteins from approximately 5-250 kDa should generally be visible on the gels or blots, which covers the range of conventional allergens, although the presence of very low molecular weight substances could not be ruled out entirely. Finally, SEM performed on the cellulose product demonstrated that the cellulose product consisted of fibers with a diameter of about 20 microns and a length of usually over 100
microns. There were no obvious contaminants seen at magnifications up to 700 times ( Figure 2 ).
The SIC test was strongly positive (late reaction) for cellulose dust but negative for lactose dust, which was used as the control (Figure 3 ).
The 
| DISCUSSION
This study reports on a sentinel case of occupational asthma following exposure to bleached chlorine-free cellulose dust. To our knowledge, there are no previous reports of occupational asthma to cellulose diagnosed using a SIC. The reaction pattern was characterized by exaggerated bronchoconstriction (>30% fall in FEV 1 ) associated with a "late" response and a rapid recovery. This pattern is well described. 16 What supports the late response is the subject started developing symptoms after 2 h before the sharp drop in FEV 1 occurred around 3 h.
A large Canadian case series of 496 subjects reported that for non-immediate reactions, 48% (87 of 180) of subjects exhibited an exaggerated drop in FEV 1 among those exposed using the realistic method (as used in this study as opposed to the closed-circuit method). 17 There is no consensus on how long a subject should be challenged before a test can be considered negative, although it has been recommended that a minimum exposure of 2 h is required. One center found that in 18% of subjects, a cumulative exposure of more than 2 h was required to induce a reaction (O. Vandenplas, unpublished data), while another study on 335 subjects found 25% of subjects required an exposure duration of more than 2 h to induce a positive response. 18 Although there is only one FEV 1 measurement that demonstrated a drop below 20% of baseline, the multiple FEV 1 measurements around these data point suggest a drop followed by a recovery. Furthermore, the sharp deterioration and recovery also fit with the clinical picture observed.
In this study, the immunological investigations were noncontributory since no apparent immunologically mediated cause of the asthma was identifiable. Since the total IgE levels were normal, and the specific IgE and SPT to cellulose as well as to other potential allergens were negative, it would appear that the bronchial response to cellulose was unlikely to be IgE-mediated. Furthermore, the patient did not demonstrate an "alveolar" reaction to cellulose exposure (changes in body temperature, blood neutrophils, and FVC) as has been reported in susceptible individuals with high levels of exposure to organic dust. 19 The "late" response to the SIC as well as the lack of IgG response would also support this.
The results of the immunological tests suggest that the asthmatic response to the cellulose product may be more likely due to a non-specific immune response to the cellulose fibers or an irritant reaction. The negative basophil reaction to the cellulose fiber extracts Furthermore, since the cellulose fiber itself is insoluble, it would not be present in the extract to initiate a response either.
Although the patient was exposed to cellulose dust levels over 10 mg/m 3 on occasion at work, the occupational history suggests, and SIC results confirm that the reaction occurred well below this level.
However, the isolated nature of the case and the lack of other reported cases of occupational asthma due to cellulose dust suggest that the clinical response is uncommon in individuals exposed to cellulose dust at levels less than 3.5 mg/m 3 . It is also likely that some degree of hostenvironment interaction may also be governing the response.
While contamination of the product with low concentrations of plant proteins (pine allergens), xylanases (used as biocatalysts to enhance the bleaching process), or other as yet unidentified allergens and toxins could have been responsible for the asthma, no detectable soluble protein could be extracted from the cellulose fluff or cellulose paper, even after the extracts were concentrated by centrifugation.
The filtration columns used to concentrate the protein had a molecular weight cut-off of 5 kDa, which would have eliminated very small proteins from the concentrated extracts. In addition, since no contaminants were observed using SEM, this further suggests that the product used in the factory was likely to be relatively pure cellulose, an insoluble polymer. Furthermore, it is also unlikely that the cellulose paper used as the initial raw product would be contaminated with endotoxins or mycotoxins as it was very dry. Finally, should there have been very low concentrations of soluble contaminants in the product inhaled by the worker, the negative SPT and CAST-ELISA to the cellulose extract suggest that the soluble contaminants were unlikely to be responsible for the reaction. This suggests a possible role for the cellulose fibers causing direct effects on the airways. This could be mediated by mechanical effects of the fibers in conjunction with or independently through bioactive properties of the fiber surface itself as has been suggested by histopathological findings of some animal studies. 6, [8] [9] [10] [11] In conclusion, this is a novel sentinel case of occupational asthma reported for the sanitary pad production industry. The occupational asthma due to exposure to bleached chlorine-free cellulose fiber dust occurred at inhalable airborne concentrations well below current international occupational exposure limits for cellulose. This suggests that the current exposure limit is not protective for susceptible populations and that this product is not as biologically inert as previously considered. Further research should focus on determining the fractions of airborne cellulose fiber dust and the extent to which they are deposited in various parts of the lung. Research is also needed to better understand the exposure-response relationship and pathophysiological mechanisms involved. Finally, industry-wide epidemiologic studies could also determine other environmental risk factors for asthma associated with cellulose dust exposure so as to better characterize host-environment interactions that may exist in this group of workers.
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